Compression injuries of the murine spinal cord are valuable animal models for the study of spinal cord injury (SCI) and spinal regenerative therapy. The calibrated forceps model of compression injury is a convenient, low cost, and very reproducible animal model for SCI. We used a pair of modified forceps in accordance with the method published by Plemel et al. (2008) to laterally compress the spinal cord to a distance of 0.35 mm. In this video, we will demonstrate a dorsal laminectomy to expose the spinal cord, followed by compression of the spinal cord with the modified forceps. In the video, we will also address issues related to the care of paraplegic laboratory animals. This injury model produces mice that exhibit impairment in sensation, as well as impaired hindlimb locomotor function. Furthermore, this method of injury produces consistent aberrations in the pathology of the SCI, as determined by immunohistochemical methods. After watching this video, viewers should be able to determine the necessary supplies and methods for producing SCI of various severities in the mouse for studies on SCI and/or treatments designed to mitigate impairment after injury.
Introduction
Animal models of SCI are valuable tools for assessing the efficacy of therapeutic paradigms designed to mitigate damage as a consequence of trauma to the spinal cord. Out of experimental necessity, these models must provide reproducible deficits in locomotor and sensory behaviors, be adjustable to produce injuries of differing severity, and demonstrate that injury severity correlates with the degree of neurological deficit observed. There are three main types of SCI with distinct features of injury: transection, contusion, and compression 1 . Briefly, a transection injury is a laceration to the spinal cord, a contusion injury arises from a brief, focal force applied to the dorsal spinal cord, and a compression injury occurs when an injurious force is applied to the spinal cord, and may also be referred to as a crush injury 2 .
Complete transection injuries are clinically rare in humans 3 , while contusion and compression injuries are more common. The compression injury produces an outcome similar to what is found in human SCI caused by, for example, tumor compression or other injurious compressive forces, and can be performed using a simple array of tools. Contusion and compression injuries are similar in that both are a compressive force and both have similar pathological features, such as cytoarchitectonic disorganization, and evoke similar endogenous responses to injury 1, 4 . The contusion injury model usually applies this force to the dorsal spinal cord using a special apparatus in a manner similar to human cases of SCI resulting from an impaction of the spinal column 2, 5, 6 . In contrast, compression injuries can be generated by a variety of methods applying force dorsally or laterally. Methods of a compression injury include calibrated forceps 7 , aneurysm clips 2 , or placing a weight directly onto the spinal cord 8 . An advantage of the aneurysm clips is that they are able to provide different amounts of force 9 . The method of adding weights to the dorsal surface of the spinal cord directly 8 requires the weight to be in place for 10 min, drastically increasing the length of surgery and resulting in inconsistencies due to placement of the weight and movement due to the respiration of the animal. Due to the small size of mice, situating animals in specialized apparatuses designed for use in rats, such as impactors for contusion injuries, may be difficult or result in inconsistent injuries 7 . However, mice are available in a wide range of transgenic strains, unlike larger animals such as rats or rabbits that are very useful for SCI research.
The Plemel method of using calibrated forceps to compress the spinal cord generates a reproducible SCI with a high degree of correlation between injury severity and neurological deficit 4. Wound Closing 1. Carefully suture the muscle layer over the spinal cord, taking care to not disrupt or apply pressure to the spinal cord. 2. Use either sutures or staples to close the skin over the wound. 3. If using gas anesthetic, begin to taper/turn off the anesthetic. 4. Administer 0.1 ml of lactated ringers per 10 g body weight to help account for dehydration during the surgery and after the surgery when the animal is lethargic and recovering from the injury. The solution should be warmed to body temperature prior to injection. 5. Place the mouse in a bedding-free cage. The cage should rest on top of a heating pad (as described in 1.1.5) in a manner that allows half of the cage area to be on the pad, while the other half is resting on a RT counter, in order to give the mouse climate options once it is ambulatory. Take care to ensure that the "recovery cage" is located in a quiet environment. Closely monitor the animal until it has regained consciousness, at which time the mouse can be transferred to a regular cage with bedding.
Post-operative Care
1. After the surgery, administer a dose of 0.05 mg/kg body weight buprenorphine subcutaneously every 12 hr for the first 3 days after surgery, and then as needed to manage symptoms of pain. 2. Administer a dose of lactated ringers (0.1 ml per 10 g body weight subcutaneously) for the first 3 -5 days after surgery. Give this dose if/when the animal begins to exhibit signs of dehydration outside of this initial time period. 3. Manually express the bladder of the animals using the Crede maneuver twice daily. Gently palpate the animal's abdomen to locate the bladder, and then apply gentle downward pressure until the bladder is empty. 1. If the bladder does not empty or the urine is bloody or cloudy, administer 50 mg/kg by body weight of Baytril to the animal via interperitoneal injection for 10 days.
4. Monitor animals for signs of autophagy, dehydration, and excessive weight loss (greater than 20% of body weight). If an animal experiences any of these symptoms please consult with a veterinarian immediately with regards to treatment options, or euthanize the animal in a humane manner following IACUC guidelines.
1. Given that mobility may be limited right after surgery, take the necessary steps to make sure animals have access to food and water. Pre-packaged wet food, as well as hydrogel, can be made available to animals in these instances. 
Assess Tissue Damage Resulting from Compression Injury

Representative Results
We performed a laminectomy on 12 mice (25 -30 grams) as described above, followed by spinal cord compressions at 0.25 mm (n = 4), 0.35 mm (n = 4) and 0.55 mm (n = 4). We sacrificed animals at three (n = 6) and seven (n = 6) days post injury by intracardiac perfusion. The spinal cord was removed from the spinal column, and the tissue was prepared and processed as described above. Images of whole spinal cord were taken with a Leica EZ4 digital microscope and accompanying software. Images of spinal cord sections were taken at 2X magnification using an Olympus digital microscope and accompanying software.
We found that spinal cord compression produces an injury with the epicenter at the site of the compression (Figure 1) . The effects of the injury extend several millimeters in the rostral and caudal directions. The severity of the injury increased as the distance between the spacers decreased (0.25 mm > 0.35 mm > 0.55 mm, Figure 2 ). Three days after compression there was blood at the epicenter of the injury and surrounding regions that was not present 7 days after injury. The 0.25 mm and 0.35 mm compressions produced a cavity, but not the 0.55 mm model. After 7 days, the dorsal and ventral white matter largely decreased in size at the epicenter, the grey matter organization was highly distorted, and cavitation was persistent. These cytoarchitectonical alterations are translated into motor and sensory alterations in animal behavior evaluated using appropriate tests such as the Basso Mouse Scale for Locomotor Function and the von Frey hair and ethyl chloride tests for sensory function as we demonstrated in previous publications 8 . 
Discussion
The choice of an SCI model is important in designing experiments to determine the efficacy of treatments for human cases of SCI. Such experiments require an animal model that is highly reproducible to limit variability that may result in inconclusive data. They should also be of clinical relevance to accurately evaluate the human condition they are modeling. To that end, choosing a compressive or contusive injury over a transection is more clinically relevant 3 . However, impactors and weight drop apparatuses for contusion injuries require the use of expensive and complicated machinery. In contrast, the calibrated forceps model of SCI utilizes modified forceps that are easy to assemble from common laboratory materials, and the surgery requires only one additional step after a standard dorsal laminectomy to expose the spinal cord. However, one drawback of using this method is that the compressive force is always applied laterally rather than dorsally, as is most often seen in human clinical cases of SCI 9 , and compressive injuries generated using the method affect a greater rostral-caudal extent of tissue than contusion models 1, 2 . This model has been demonstrated by the originators of the technique, and us, to generate reproducible SCI 7, 11 , and is well suited to the size of mice. Furthermore, this injury model allows for animals to be evaluated after surgery and therapeutic treatments using a multitude of behavioral tests, such as the Basso Mouse Scale for Locomotion and the von Frey hair test, to verify that a cohort of animals share the same injury severity and neurological deficits 7, [11] [12] [13] . These same techniques can also be used to evaluate the efficacy of treatments administered to animals during investigative studies, fulfilling the general criteria for animal models used to evaluate therapies for SCI 2, 7 .
The method of producing the calibrated forceps for the injury model is simple and can be accomplished with a variety of different methods. We have used the spacer method 11 , as published by Plemel 7 , and have also modified forceps using a small screw, which not only provides an easier method for creating the compression device, but also allows for versatility in adjusting the final compression width, of benefit for comparative studies. The range of options in creating the forceps is nearly unlimited so long as the spacer(s) provide a stable means of always closing the forceps to the same distance and can withstand autoclaving and sterilization. The surgical methods described within this video are highly reproducible across users, however it is necessary that care be taken when performing the laminectomy and suturing the animal after the procedure has been performed so that the spinal cord does not suffer any additional compressive forces that may increase the injury severity and confound future experiments.
With proper training and practice, the calibrated forceps model of compression injury is well suited for performing SCI in mice that mimic clinical cases observed in humans 2, 3, 7 . Due to the ease of creating forceps, producing mice of differing degrees of injury severity can be easily done. This will be of great benefit for observing genetic effects on SCI of differing degrees of severity in transgenic mice as well as evaluating the efficacy of stem cell transplantations in mice. The majority of studies in the literature have been performed on rats due to their size, which generally makes surgeries easier to perform. However the method published by Plemel et al. 7 and described by us in this video should enable SCI to be performed on mice with great ease and reproducibility.
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